Abstract-This paper investigates the impact of saturable absorption (SA) on the performance of optical clock recovery using a mode-locked multisection laser diode. Optical clock at 40 GHz is recovered from the multisection laser with SA section operated under a range of bias conditions. The dependence of extinction ratio and timing jitter of the recovered clock on required optical injection power, data rate detuning, and mark ratio is also evaluated under these operation conditions. The experimental results show that strong SA effect in laser cavity improves extinction ratio and suppresses timing jitter of the recovered clock, while weak or no SA effect in laser cavity offers clock recovery with larger date rate detuning range defined by timing jitter and less dependence on the variation of data mark ratio for extremely low mark ratio.
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I. INTRODUCTION
A LL-OPTICAL clock recovery extracts clock signal from the incoming optical data at line rate or base rate and alleviates the requirement of transmitting clock signal along with the data in transmission systems [1] - [3] , and is expected to become a key functionality in future optical networks and signal processing systems [4] - [6] . In long-haul high-capacity wavelength division multiplexed (WDM) systems, signals suffer form transmission impairments arising from accumulated amplifier spontaneous emission noise, fiber nonlinear effects, group velocity dispersion, polarization-mode dispersion (PMD) and crosstalk [7] , [8] . To manage these transmission impairments, a wide variety of techniques has been proposed in terms of modulation formats, dispersion and dispersion slope compensation, PMD compensation, nonlinearity management, distributed Raman amplification scheme and forward error correction (FEC). Particularly, by incorporating 3R regeneration (retiming, reshaping, and amplification) [9] - [15] along the light paths of the optical network, the effects of optical impairments can be removed and the integrity of the data signal with regard to their timing and amplitude characteristics can be improved. 3R regeneration can be achieved in a number of methods including using optoelectronic [9] or all-optical [16] schemes. As data line rates are up to 40 Gb/s and beyond, optoelectronic 3R regeneration becomes difficult due to the increased complexity in circuit, and optical 3R regeneration appears more attractive. One fundamental requirement for optical 3R regeneration would be optical clock recovery at line rate from incoming data, which is used for signal retiming.
Various schemes for optical clock recovery from return-to-zero (RZ) data have been proposed, including using self-pulsed lasers [17] , phase-locked loops (PLLs) [18] , mode-locked fiber lasers [19] and mode-locked semiconductor lasers [20] . Clock recovery using mode-locked semiconductor lasers has been shown to exhibit robust synchronization dynamics, a short lock-up time, a long dephase time and very high speed [21] . Moreover, all-optical clockrecovery devices based on semiconductor laser nonlinearities are small in sizes and require only low input power in contrast to other solutions.
Optical clock recovery at line rate using mode-locked semiconductor lasers with an intracavity saturable absorption (SA) section has already been reported [22] , [23] . Recently, we have found that optical clock recovery can be also achieved in a mode-locked monolithic semiconductor laser without a SA section [24] . However, a comprehensive investigation of the impact of SA on clock recovery has not yet been carried out. In this paper, the performance of 40-GHz optical clock recovery using a monolithic semiconductor laser with different levels of SA effects in a laser cavity is compared. The effects of SA on timing jitter, locking range, and extinction ratio of the recovered clock signal are investigated. This paper is organized as follows. Section II introduces the experimental setup for investigating the impact of SA on the performance of optical clock recovery. Section III presents optical clock recovery by using a mode-locked laser diode (LD) with different levels of SA effect. The impact of SA on extinction ratio and timing jitter of the recovered clock is demonstrated in Section IV. Finally, the conclusions are given in Section V.
II. EXPERIMENTAL SETUP
The experimental setup for investigating the impact of SA on the characteristics of clock recovery using a monolithic semiconductor laser is schematically shown in Fig. 1 . It consists of incoming RZ data stream, clock recovery device, and detection parts. In the incoming RZ data stream part, a 10-GHz optical pulse train was generated using a 1550-nm DFB LD modulated by an electrical clock signal provided by a pulse pattern generator (PPG). The optical pulses were then compressed to 7 ps through 1 km of dispersion compensation fiber (DCF, ps/km/nm), and coded with 10 Gb/s pseudorandom binary sequence (PRBS) data via a Mach-Zehnder modulator (MOD), which was modulated by a nonreturn to zero (NRZ) data provided by the PPG. The 10 Gbit/s optical data were time division multiplexed to 40 Gb/s data stream by a two stage cascaded double delay line optical time-division multiplexing (OTDM) multiplexer (Mux). The polarization of each channel was carefully adjusted by polarization controller inside the two stage OTDM multiplexer so that they all had the same state of polarization after multiplexing. The power of the 40-Gbit/s data signal was then boosted by an erbium-doped fiber amplifier (EDFA), and the excess amplified spontaneous emission noise from the EDFA was eliminated by an optical band-pass filter (BPF1). Before the data was injected into the clock recovery device, its polarization was further adjusted by another polarization controller (PC1) to match the polarization of the mode-locked laser.
In the clock recovery part, a multisection semiconductor laser which consists of a gain section, a distributed Bragg reflector (DBR) section, a phase control (PC) section, and an SA region was used to recover the clock from the 40-Gbit/s data. As the data signal was injected into a semiconductor laser, a 40-GHz optical clock could be recovered from the injected data when the SA is differently biased-positively driven, grounded, and reversely biased. At the output of the multisection LD, another optical bandpass filter (BPF2) was used to remove the residual data signal which may present at the wavelength of incoming data in the multisection laser output. The characteristics of the clock signal were measured in the detection part using an optical spectrum analyzer (OSA), an autocorrelator, a communication signal analyzer (CSA), and an RF spectrum analyzer (RFSA) in conjunction with a photo diode (PD) with 45-GHz bandwidth.
III. OPTICAL CLOCK RECOVERY UNDER DIFFERENT SA BIAS CONDITIONS
In this section, we experimentally demonstrate optical clock recovery using mode-locked multisection LD with different bias SA conditions. We study a range of typical types of operation on SA section in multisection LD, including positively driven by current, grounded and reversely biased, which provides weak to strong SA effects correspondingly. In the experiment, as the SA was positively driven, the drive current of SA and gain sections were 7.5 mA and 62.5 mA, respectively, so that the two sections were uniformly pumped. In this case, the SA section provides gain rather than absorption effect in SA region, and the overall SA and gain sections are equivalent to a long gain section. As the SA section was grounded and reversely biased at 0.26 V, the drive current of the gain section was 125 mA. The laser with SA section reversely biased is believed to have strong SA effect. As the SA is grounded, the SA effect is intermediate between the cases where SA is reversely biased and positively driven.
Without optical data injection, the multisection LD exhibits different output with different SA bias conditions. Fig. 2 shows the measured optical spectra of the laser's output before optical data injection. As SA section is positively driven, the optical spectrum of the laser output has a single mode at 1546.8 nm with side mode suppression ration (SMSR) around 38 dB due to the existing of DBR in cavity as shown in Fig. 2(a) , and the laser is under continuous (CW) operation. When SA section is grounded, more modes begin to oscillate ( Fig. 2(b) ). In the case that the SA section of is reversely biased at 0.26 V, the multisection laser shows pulsed output with a repetition frequency equal to the cavity resonant frequency. Furthermore, the detected RF spectrum of laser output has a strong RF component at its cavity resonant frequency and the optical spectrum of the slave laser output showed multiple modes. Therefore, the modes of the laser are passively mode-locked under this bias condition as shown in Fig. 2(c) .
Since the RF spectrum of the multisection LD output before data injection with SA positively driven is too low to be observed by the RF spectrum analyzer due to the equipment's noise floor, we used commercial software tool, VPI componentMaker to simulate the RF spectrum in order to compare the RF spectra of the laser output with SA biased at various levels. Fig. 3 shows the simulated RF spectra of the multisection laser output before optical data injection with SA section positively driven (hollowed circles), grounded (stars) and negatively biased (solid line). The spectrum profile around 40 GHz is shown in the inset. The RF spectra have two resonant peaks, at the laser's cavity resonant frequency and relaxation oscillation frequency respectively, as shown in Fig. 3 . The strong RF component at the laser's cavity resonant frequency around 40 GHz leads to high modulation response of the LD at this frequency. The relative broad linewidth of the components at the cavity frequency is partially due to the limited simulation resolution. The RF power of the relaxation oscillation resonance peak (around 2 GHz) is lower than that at the cavity resonant frequency. Comparing the RF spectra of the multisection LD output under different SA bias conditions, the component at the cavity resonant frequency with weaker SA effect is weaker and flatter as shown in the inset of Fig. 3 , leading to lower modulation response at the cavity resonant frequency than that with stronger SA effect. The RF spectrum of the incoming 40-Gb/s OTDM RZ data is shown in Fig. 4 . It has a strong component at 40 GHz (clock component) which represents the oscillation at repetition rate of incoming data. The broadband data spectrum is much lower in intensity than that of the RF component at 40 GHz, and no residual RF components at 10, 20, and 30 GHz were observed due to well multiplexing. The sinusoidal-like data spectrum profile is due to the interference among the four channels used for optical time division multiplexing since they originate from the single data source.
After the data signal was injected into the multisection LD, several changes were observed in the LD output signal for all the SA bias conditions considered. In time-domain, the clock signal was recovered from the incoming data stream, while in frequency domain, the broadband data spectrum was suppressed in the detected RF spectrum. Fig. 5 shows the detected RF spectra of the output from the multisection LD after optical data injection for different SA bias conditions. Comparing Fig. 5 with Fig. 4 , the RF component around cavity frequency was greatly enhanced, while the broad band data components were significantly suppressed for all SA bias conditions. A small part of residual data was still observed at low frequencies (0-3 GHz) since they are close to the relaxation oscillation frequency. The residual data is relatively large as SA is positively driven and small as SA is reversely biased. Since the difference in modulation response between the cavity resonant peak and the relaxation oscillation peak is increased as SA effect is increased as shown in Fig. 3 , the laser with SA reversely biased is more effective in suppressing the residual data at low frequencies.
The time-domain recordings of the multisection LD output after data injection with SA section differently biased are shown in Fig. 6 . When measuring the waveform of the recovered clock signal, the trigger signal for the communication signal analyzer was derived from the PPG. The output of the multisection LD is a pulse train with a repetition frequency equal to that of the incoming data rate. Therefore the clock signal was extracted from incoming data by mode-locked multisection LD with SA operated under all the three bias conditions. The recovered clock shows very low direct current (dc) level. Comparing the dc levels in the three diagrams of Fig. 6 , the dc level is relatively low as the SA section is reversely biased. Therefore, SA in the laser cavity helps to increase the extinction ratio of the recovered clock. Fig. 7 shows the measured optical spectra of laser output after optical data injection. After the injection of optical data, the optical spectrum of the multisection laser output with SA positively driven changes from single mode operation to multimode operation with a mode spacing of approximately 40 GHz (corresponding to the data rate). This change in the optical spectrum is attributed to the modulation effect of the injected optical RZ data with a strong RF component around 40 GHz, which is supported by the cavity resonance of the multisection laser. As the SA section is grounded and reversely biased, the modulation effect of RZ data facilitates the mode coupling of the multiple cavity modes, leading to stabilization in both phase and intensity. Fig. 7 also shows that each longitudinal mode of the multisection laser after injection exhibited spectral broadening as compared with the free-running operation as shown in Fig. 2 . We believe the broadening is due to frequency chirping under pulsed operation with optical injection. Without optical injec- tion, the laser is operating at the state where optical modes are naturally selected, which has less chirp, however under optical injection, the laser is forced to operate, which might have additional change in carrier density. Our experiment also showed that the broadening is related to the injection power, higher injection power introduces more mode broadening.
The mechanism behind this clock recovery can be explained as follows. The injected data signals have a clock component which is stronger than the broadband data spectrum. As the optical data signal is injected into the multisection laser, it will modulate the carrier density, which further induces the optical modulation of the multisection laser. Due to the modulation response of the multisection LD which has a strong resonance at the cavity frequency as shown in Fig. 3 [25] , clock recovery is realized when the resonance peak matches the clock component of the injected signals, since the clock component is enhanced while the broadband data components are greatly suppressed due to the rolloff in the modulation response at these frequencies. The role of SA here is to enhance and narrow the modulation response around the cavity frequency. Stronger effect of SA would lead to a narrower resonance peak with higher peak intensity, resulting in multimode rather than single mode operation as shown in Fig. 2 and reduced dc level of recovered clock as shown in Fig. 6 . Although the modulation response at the cavity resonant frequency of the multisection LD with SA positively driven is lower than that with SA reversely biased, clock signal can still be recovered via increasing the power of the injected optical data.
In our experiment, the data signal has around 3.5 nm longer wavelength than that of the multisection laser. However, we believe there is no limitation on this wavelength arrangement if data signal wavelength is within the gain spectrum of the multisection laser. In [24] and [25] , the signal data wavelength is shorter than that of clock recovery LD. Basically, the larger separation the data signal wavelength away from the gain peak of the multisection laser, the more injection power is required. If injection data has approximately the same wavelength with that of the multisection laser [1] , [26] , the clock recovery relies on coherent interaction between the optical fields of the incoming data and those inside the multisection laser, and the required injection power will be significantly reduced [1] .
IV. CHARACTERIZATION OF OPTICAL CLOCK RECOVERY
In this section, we present a detailed investigation of the impact of SA on the characteristics of the recovered clock. We experimentally evaluate the dependence of extinction ratio and timing jitter on required optical injection power, data rate detuning, and mark ratio, with SA section operated under various bias conditions. We again looked at the three typical types of operation on SA section of multisection LD, e.g., uniformly pumped with the gain section, grounded, and reversely biased. In each case, the bias conditions for the gain and SA sections used were the same as that in Section III.
A. Impact of SA on Extinction Ratio of Recovered Clock
The extinction ratio is an important characteristic in evaluating the quality of the recovered clock signal. Here the extinction ratio is defined as the ratio of maximum level to minimum level in the autocorrelation trace of the recovered clock signal. Fig. 8 shows the dependence of clock extinction ratio on the injected optical power of data signal. There is an optimum injection power for all the three bias conditions. As the SA section was positively driven at 7.5 mA, grounded and reversely biased at 0.26 V, the optimum optical injection powers are 1.09, 1.48, and 1.6 dBm, leading to the maximum extinction ratios of the recovered clock of 12.2, 15.9, and 19.9 dB, respectively. As the injection power is further increased from the optimal values, extinction ratio is reduced for all the bias conditions due to the suppression of optical modes of the multisection laser. The purpose of the injection signal is to provide timing and synchronization while the laser itself should provide oscillation. When the injection signal is too strong, it affects the oscillation and the extinction ratio will be degraded [25] . SA effect in laser cavity helps to increase the extinction ratio of the recovered clock. In addition, the required injection power for achieving maximum extinction ratio is lower with the help of the saturable absorber. Because the laser modulation response at the cavity resonant frequency (40 GHz) with little or no SA effect in the laser is lower as shown in the inset of Fig. 3 , higher power at a 40-GHz component from incoming data is required to force the laser to oscillate at its cavity resonant frequency, leading to higher required optical power of incoming data.
Tunability of data rate is an important parameter when evaluating the performance of optical clock recovery. Data rate detuning defines the range of data rates over which the recovered clock from the slave laser can vary due to changes in the data rate from the incoming data, without causing significant changes in the detected extinction ratio and timing jitter of the recovered clock signal. Large-frequency detuning is desirable since high-speed optical clock recovery with a wide tunable frequency range offers more flexibility in the multisection LD cavity frequency. This section evaluates the dependence of extinction ratio of the recovered clock on frequency detuning for all the three SA bias conditions, as shown in Fig. 9 . At zero detuning, the extinction ratios of recovered clock are 12.2, 15.9, and 19.9 dB for the cases of SA positively driven at 7.5 mA, grounded and reversely biased at 0.26 V, respectively. Although the extinction ratio of the recovered clock is large at zero detuning as SA is reversely biased, it degrades fastest with the frequency detuning. However, if SA is grounded or positively driven, the extinction ratios of the recovered clock degrade more slowly. If we define frequency detuning range as the range of frequency detuning over which the recovered clock frequency can be tuned from the cavity resonant frequency of the multisection laser with extinction ratio remaining above 10 dB, the frequency detuning range is around 400 MHz for all the three bias conditions. In conclusion, SA helps to increase the extinc- tion ratio of the recovered clock, while it still maintains the frequency detuning range defined by 10 dB absolute extinction ratio, even though it makes the extinction ratio degrade faster with the frequency detuning.
In communication systems, the incoming data for clock recovery may have more spaces than marks at a certain time slot since the data is random, particularly in systems with optical packet switching. The clock recovery circuit is required to recover the clock from the incoming data with any data pattern. In this section, the sensitivity of the extinction ratio of the recovered clock-to-data mark ratio change for different SA bias conditions is compared. Fig. 10 shows the dependence of extinction ratio of the recovered clock on the mark ratio with SA positively driven at 7.5 mA, grounded and reversely biased at 0.26 V. Mark ratio here is defined as the ratio of the mark number to all the transmitted bit numbers. As mark ratio is decreased from 8/8 to 2/8, the extinction ratio of the recovered clock is decreased slowly for all the three SA bias conditions as shown in Fig. 10 . If the mark ratio is between 8/8 and 2/8, the extinction ratio of the recovered clock with SA reversely biased is the largest and that with SA positively driven is the smallest among all three bias conditions. However, as the mark ratio is further reduced from 2/8 to 1/8, the extinction ratio of the recovered clock drops very quickly. The extinction ratio of the recovered clock with SA reversely biased decreases the fastest, Fig. 11 . Dependence of timing jitter of the recovered clock on injected optical power for different SA bias conditions. from 17 to 2 dB. As the mark ratio reaches to 1/8, the extinction ratio of the recovered clock with SA positively driven is higher than that with SA grounded or reversely biased. The sensitivities of clock extinction ratio to mark ratio are almost the same for all the three bias cases for mark ratio over 2/8, and SA only enhances the sensitivity for extremely low mark ratio case ( 2/8).
B. Impact of SA on Timing Jitter of Recovered Clock
High timing stability is a fundamental requirement for clock recovery systems. Here the timing jitter was calculated from the measured single-side-band (SSB) noise of the detected clock component over the 100-Hz-10-MHz frequency range and, therefore, includes both phase and amplitude noise contributions. Fig. 11 shows the timing jitter of the recovered clock depending on the optical power of incoming data with SA positively driven at 7.5 mA, grounded and reversely biased at 0.26 V. The timing jitter of the recovered clock reaches the minimum of 0.41 ps, 0.389 ps, 0.36 ps at the injected optical power of 0.58, 1.88, and 2.41 dBm for the three considered SA bias conditions, respectively. Compared with Fig. 8, Fig. 11 shows that optimal injection power is different to achieve maximal extinction ratio and minimal timing jitter. Less injection power is required to achieve minimal timing jitter than that to achieve maximal extinction ratio, which is shown both in Figs. 11 and 8 . Fig. 11 also shows that the large SA in the multisection laser slightly reduces the timing jitter of the recovered clock. Fig. 12 shows the measured timing jitter of the recovered clock as a function of frequency detuning. As the SA section was positively driven, grounded and reversely biased, the optical injection powers used were 0.58, 1.88, and 2.41 dBm, respectively. Here, the frequency detuning range is defined as the frequency detuning range over which the recovered clock frequency can be tuned from the cavity resonant frequency of the monolithic laser with timing jitter remaining within 0.1 ps of that at zero detuning. As the SA section is positively driven at 7.5 mA, grounded and reversely biased at 0.26 V, the frequency detuning ranges of the recovered clock are 850, 300, and 180 MHz, respectively. SA in laser cavity reduces the frequency detuning range defined by timing jitter. The dependence of timing jitter of the clock signal on the mark ratio of the data signal is shown in Fig. 13 , where the injection powers for different driving conditions were the same as that of Fig. 10 . As the mark ratio is decreased from 8/8 to 4/8, the timing jitter of the clock degrades very slowly for all three bias conditions. While, as the mark ratio is further reduced from 4/8 to 1/8, the timing jitter degrades much faster in the case where the laser has a stronger SA effect in cavity. The stronger the effect of SA is in cavity, the faster the timing jitter degrades. Therefore, with the SA section reversely biased, the timing jitter of recovered clock is more sensitive to the mark ratio of incoming data for low mark ratio 1/8.
V. CONCLUSION
Clock recovery from a 40-Gb/s OTDM RZ data is demonstrated using a multisection semiconductor laser with different SA effects in the cavity. A detailed comparison of the characteristics of a 40-GHz optical clock signal with an SA section operated under different bias conditions is investigated. The experiment shows that extinction ratio and timing jitter of the recovered clock, in terms of injected optical power, data rate de-tuning, and mark ratio dependence, are affected by the saturable absorber bias condition. Strong SA in the laser cavity requires less injection power, increases the extinction ratio, and slightly suppresses timing jitter, while weak or no SA effect in the laser cavity is easy in operation, less sensitive to the data mark ratio for extremely low mark ratio, and offers clock signal with larger data rate detuning range defined by timing jitter.
